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1 Introduction 
SrRuO3 is the infinite-layer material of the Ruddles-
den-Popper series of ruthenates Srn+1RunO3n, which 
have attracted enormous interest mostly due to the 
unconventional superconductivity in Sr2RuO4, which 
is thought to be related to a ferromagnetic instability 
[1, 2]. In addition to unconventional superconductivi-
ty, perovskite ruthenates exhibit metamagnetic tran-
sitions, Mott insulating phases, spin-density wave or-
dering arising from nesting and hidden order phases, 
to cite the most prominent features [3, 4, 5, 6]. 
 
SrRuO3 is particularly interesting as it is the only 
simple material (otherwise one has to study three or 
higher-number layer members of the Ruddlesden-
Popper series) that exhibits ferromagnetic order at 
ambient conditions [7], which still is a rare phenome-
non in the broader class of transition metal oxides. Its 
ferromagnetism inspired the proposal of p-wave su-
perconductivity mediated through magnetic fluctua-
tions in Sr2RuO4 [1, 2] and it is coupled to the quan-
tum-phenomena associated with the metamagnetic 
transitions in double and single layered materials [3, 
4]. The magnetic moment of ferromagnetic SrRuO3 
amounts to 1.6 µB and the ferromagnetic order occurs 
near 160 K [7]. Ferromagnetism in SrRuO3 is associ-
ated with strongly anomalous behavior in various 
properties: Thermal expansion shows an invar effect 
in the ferromagnetic phase suggesting a change in the 
local versus itinerant character of magnetic moments 
[8, 9]. Furthermore, ferromagnetic correlations clear-
ly interfere with the electronic transport yielding a 
linear resistivity that breaks the Ioffe rule already at 
500 K [10]. Further interest in this material arises 
from its suitability as a conducting and magnetic lay-
er in various perovskite oxide heterostructures [9]. 
With the possibility to grow large crystals, SrRuO3 
could even be used as a substrate.  
 
In 1959 Randall and Ward reported the first synthe-
sis of polycrystalline SrRuO3 [11]. Single crystals 
grown by a flux method yield masses in the mg re-
gime [12], but the purity of these SrRuO3 crystals is 
not comparable with that of other layered ruthenates 
crystals grown with the floating zone technique [13]. 
Ikeda et al. reported attempts to grow also SrRuO3 
with the floating zone method, but no single crystals 
could be obtained due to difficulties in stabilizing the 
floating zone [14]. Very recently Kikugawa et al. re-
SrRuO3 is a highly interesting material due to its 
anomalous-metal properties related with ferro-
magnetism and its relevance as conductive perov-
skite layer or substrate in heterostructure devices. 
We have used optical floating zone technique in an 
infrared image furnace to grow large single crystals 
of SrRuO3 with volumes attaining several hun-
dred mm3. Crystals obtained for optimized growth 
parameters exhibit a high ferromagnetic Curie tem-
perature of 165 K and a low-temperature magneti-
zation of 1.6 µB at a magnetic field of 6 T. The high 
quality of the crystals is further documented by 
large residual resistance ratios of 75 and by crystal 
structure and chemical analyzes. With these crystals 
the magnetic anisotropy could be determined. 
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ported about the successful growth of single crystals 
in the floating zone [15].  
 
Here we also present a detailed description of the 
successful single-crystal growth of SrRuO3 using the 
optical floating zone technique [16]. The parameters 
we used for the crystal growth strongly differ from 
the ones used by Kikugawa et al. [15]. Most im-
portantly, we used more than the double speed for 
the crystal growth and oxygen content. Therefor crys-
tals with a mass of up to 3 g could be obtained for op-
timized growth parameters. These crystals were 
characterized by several microscopic and macroscop-
ic methods. In addition we present a full structural 
characterization by several x-ray scattering tech-
niques, which allows us to determine the complex 
twinning of that perovskite. We also describe detwin-
ning of SrRuO3 crystals, which gives access to the ani-
sotropic magnetic properties. 
2 Single-Crystal growth in SrRuO3 in a mir-
ror furnace 
2.1 General procedure of the crystal growth of 
SrRuO3  
 
The parameters to obtain large high quality crystals 
had to be determined by stepwise variation following 
a common general procedure. The detailed parame-
ters and their effect on the growth are summarized in 
table 1. SrCO3 and RuO2 powders both with minimum 
purity of 99.95 % were mixed with a molar ratio of 
1:1.6 or 1:1.9 and homogenized by ball-mixing. A pre-
liminary reaction was performed by heating the pow-
der in a platinum crucible at 1000 °C for 24 hours in 
air with an intermediate grinding. The feed rod was 
fabricated by pressing the powder in a hydraulic 
press with a pressure of 1500 kg/cm2. The resulting 
rod was sintered for several hours at 1000 °C or 
1350 °C trying different atmospheres. Powder x-ray 
diffraction (XRD) measurements show that the poly-
crystalline materials obtained in the preliminary re-
action and in the sintered rod consist of a mixture of 
SrRuO3 and excess RuO2. 
 
For the single-crystal growth an infrared image fur-
nace Canon Machinery Inc. SC1-MDH11020-CE 
equipped with two 2000 W halogen lamps and a cold 
trap was used. The atmosphere was varied by mixing 
Argon and Oxygen while steadily applying the maxi-
mum available total pressure of 10 bar and a gas flow 
of 1.5 l/min or 4.5 l/min. The crystals were grown with 
a speed varying between 7 mm/h and 17 mm/h, the 
speed of the feed rod was set to twice that speed. 
Both shafts rotated with 15 rpm in opposite directions. 
 
Crystals grown with an optical floating zone tech-
nique are usually limited in length by the restrictions 
of the furnace used, such as the possibility to move 
the feed and seed rod with respect to the lamps. In 
contrast, the crystal size of SrRuO3 is essentially lim-
ited by the volatility of RuO2. The evaporated material 
condenses at the glass tube absorbing the incoming 
light. To compensate for this absorption the power of 
the lamps has to be continuously enhanced until 
reaching the maximum power or substantial heating 
of the glass tube, which can cause serious damage to 
the furnace. A cold trap is used to absorb the evapo-
Table 1  Summary of various growth parameters and their effect on the single-crystal growth of SrRuO3. The optimized parame-
ters for the crystal growth of SrRuO3 are given in the last row. 
parameter variation remarks optimum 
Sintering O2, 1000°C, 12 hC High evaporation of RuO2 Air, 1350°C, 3 h 
Feed rod 
RuO2 excess 
Ø, RuO2 excess 
 
60 % 
1 cm, 60 % 
 
327 and 214 phase 
Crystals with minor quality 
 
90 % 
0.7 cm, 90 % 
Gas flow 1.5 l/min 
More RuO2 deposition on the glass 
tube 
4.5 l/min 
Atmosphere 
100 % O2 
40 % O2 
25 % O2 
No stable molten zone 
Unstable molten zone 
High melting ruthenium metal phase 
33 % O2 
Growth rate 
17 mm/h 
10 mm/h 
7 mm/h 
Small crystallites 
327 and 214 phase 
214 and 327 phase 
15 mm/h 
Crystal Research header will be provided by the publisher 3 
 
 Copyright line will be provided by the publisher 
rated material, but the trap becomes rapidly saturat-
ed. After evaporation of about 2 g of RuO2, we ob-
serve that the material is no longer fixed at the cold 
trap but rapidly covers the glass tube and blocks the 
heating. Therefore, the growth parameter had also to 
be optimized with respect to the amount of evapo-
rated RuO2 per volume of single-crystalline material.  
2.2 Optimization of growth parameters 
For the preparation of the feed rod we tried diame-
ters of 0.7 cm and 1 cm with excess of RuO2 of 60 % 
and 90 %. With the thicker feed rod an excess of 60 % 
turned out to be sufficient to get single crystals as the 
larger diameter slightly reduces the evaporation 
problem. But the quality of the crystals obtained with 
this larger diameter was significantly below that of 
those obtained with the thinner diameter. The minor 
crystalline quality is observed as smeared spots of the 
Laue images, and the saturation magnetic moment of 
only 1.55 µB and the RRR of 16 are well beyond the 
values found for the optimized crystals.  
The pressure was always set to 10 bar, the highest 
one applicable to the furnace, since for high pressure 
less evaporation is expected. Also the rotation speeds 
of both shafts of 15 rpm were not varied, because they 
are expected to have little effect on the crystal 
growth.  
The optimum growth speed was found to be 15 mm/h. 
For the higher speed of 17 mm/h only small single 
crystalline grains could be obtained even though the 
molten zone was as stable as in the attempts with op-
timum speed. In the attempts with lower growth 
speed, 10 mm/h and 7 mm/h, respectively, the resul-
ting crystals consist of a mixture of Sr3Ru2O7 (327) 
and Sr2RuO4 (214) with more Sr2RuO4 in the attempt 
with the lower speed. This shows that more RuO2 
evaporates during the growth processes with slower 
growth speed, which needs to be compensated by a 
greater excess of RuO2 in the feed rod.  
The constitution of the atmosphere has strong impact 
on the stability of the molten zone. For a high oxygen 
content of 40 % and 100 % it was not possible to keep 
the molten zone stable for a sufficiently long period to 
grow single crystalline material. In several attempts 
with lower oxygen partial pressure (only 25 %) a Ru 
metal phase formed, and the crystal growth was not 
stable. The formation of this metallic phase could be 
suppressed by stopping the motion of the feed rod. 
This indicates that this phase occurs only in Ru rich  
Figure 1 (a) Single crystalline part of a growth attempt. (b) 
Electron microscopy picture of a quarter of a slice cut perpen-
dicular to the rod. (c) Mapping of the Ru content with EDX 
analysis of the piece shown in (b). (d) Ratio of Sr to Ru con-
tents along the white marked path in (c). 
floating zones. The O2 reduced atmosphere suppres-
ses thus the evaporation of RuO2, however, it is much 
more difficult to keep the floating zone stable under 
these conditions. The higher oxygen partial pressure 
clearly results in larger crystals and makes the crystal 
growth more reproducible. 
With a total gas flow of 1.5 l/min the power of the 
lamps had to be increased by 6 % during the crystal 
growth to compensate for the absorption of light by 
the material deposited on the glass tube. With a hig-
her gas flow of 4.5 l/min electric power had to be in-
creased by only 1 % for the same growth length in 
order to keep the molten zone stable. Applying a hig-
her gas flow is technically not possible. 
3 Chemical and structural analysis of the 
optimized single crystals  
In Figure 1 the single crystalline part of a successful 
crystal growth can be seen in part a). As-grown crys-
tals have a thick polycrystalline skin. An electron mi-
croscopy picture of a quarter of a slice can be seen in 
b). This piece was further investigated by electron 
dispersive x-ray spectroscopy (EDX). The obtained 
mapping of the Ru content can be seen in panel c). 
This picture reveals an inner bulk  part  with  the  cor- 
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rect Ru content and a skin containing less Ru. The 
white line indicates the positions of EDX measure-
ments, whose results are shown in d) as a function of 
the distance from the center of the rod, rm, scaled to 
the total radius of the crystal, rk. These EDX results 
confirm the existence of a bulk SrRuO3 crystal con-
taining the correct amount of Ru covered by a skin 
with a total volume of about one quarter of the entire 
cylinder. The skin can be easily removed by filing. The 
EDX analysis of the bulk yields an average ratio of ru-
thenium to strontium of 1.044(3). The powder XRD 
measurements were performed with Cu Kα radiation 
on crushed single crystals. Rietveld fits were per-
formed with the FulProf Suite [17] in the orthorhom-
bic space group Pnma with the structural data taken 
from our single crystal XRD measurements, see below. 
The powder diffraction studies show that the bulk 
crystals are indeed SrRuO3 with a very small inclusion 
(~3 %) of a RuO2 impurity phase (see Figure 2). The 
position of the strongest RuO2 peak is marked in the 
pattern. The expected ratio of ruthenium to strontium 
for crystals including this impurity phase is greater 
than one which is supported by the EDX analysis. 
Powder patterns of the skin show a mixture of the 
layered Strontium Ruthenates, especially the single 
and double-layered materials. The lattice constants 
determined by our powder XRD studies are 
a=5.5322(1) Å, b=7.8495(2) Å and c=5.5730(1) Å in 
good agreement with previously published neutron 
powder measurements [18, 19]. Laue images (see in-
set Figure 2) taken at different positions at the sur-
face of the crystals indicate single crystallinity. For a 
complete crystal structure determination we used a 
single crystal X-ray diffractometer X8-APEX by 
Bruker AXS with a goniometer in kappa-geometry 
and x-ray radiation from a molybdenum anode. The 
wavelength was λ=0.71073 Å and the distance be-
tween the sample and the detector was set to 50 mm. 
The analysis of several crystals shows that even small 
Figure 2 XRD powder pattern of a crushed single crystal. The 
red circles denote the data points, the black line is the Rietveld 
fit, the green marks indicate the peak positions according to 
space group Pnma and the blue line is the difference between 
the data and the fit. The asterisk marks the position of the 
strongest RuO2 peak. The inset shows a Laue image of a single 
crystal. 
SrRuO3 crystals with dimensions below 0.1 mm are 
twinned with non-equal twinning fractions. In the 
structure refinement the 6 possible orientations of 
twin domains were taken into account. Structure re-
finements were carried out using Jana2006 [20]. 
20720 observations were merged into 3801 Bragg in-
tensities by averaging only identical and 
Friedelequivalent reflections. The data were correct-
ed for absorption, and a type I extinction correction 
was applied during the refinements. A good descrip-
tion of the experimental intensities was achieved 
yielding weighted reliability-values of Rw=3.08 % and 
3.82 % for the observed (larger than three σ- values) 
and all reflections, respectively. The goodness of fit 
value amounts to 1.27 for the observed reflections. 
The positional and anisotropic displacement parame-
ters from our structure refinements are given in Ta-
ble 2. Most of the positional parameters agree within 
the error bars with a previous powder neutron 
diffraction study [19], just the minor difference of the 
z parameter of the O1 site seems to arise from the re-
finement of isotropic displacement parameters in the 
powder study. Note, that the precision of the parame-
ters is significantly higher in our single-crystal analy-
sis, even for the light O sites. The refinement of the 
occupation of the strontium to ruthenium ratio yields 
1.0009(12) indicating perfect stoichiometry of the 
crystals obtained with the optimized growth condi-
tions. 
The crystal structure of SrRuO3 differs from the ideal 
cubic perovskite structure by a rotation of the RuO6-
octahedra around the b-axis (long axis in space group 
Pnma), combined with a tilt [18, 22]. Here, the corre-
sponding angles are called ”rotation angle” and ”tilt 
angle”, respectively. The rotation angle and the tilt 
angle are not defined unambiguously since the octa-
hedra are slightly distorted. In order to determine 
Table 1  Crystal structure of SrRuO3 at room temperature. The 
atomic positions are given in fractions of the unit cell, the 
atomic displacements are given in Å
2
, values in brackets indi-
cates the error on the last digits 
 
Sr Ru O1 O2 
X 
Y 
Z 
0.01676(5) 
0.25 
-0.00256(7) 
0 
0 
0,5 
0.4972(3) 
0.25 
0.0544(4) 
0.2769(3) 
0.0273(2) 
0.7235(3) 
 
U11 
U22 
U33 
U12 
U13 
U23 
 
0.00663(14) 
0.00455(16) 
0.00697(16) 
0 
-0.00102(13) 
0 
 
0.00147(10) 
0.00168(11) 
0.00355(11) 
-0.00009(10) 
0.00030(13) 
0.00009(11) 
 
0.0153(14) 
0.0011(11) 
0.0067(11) 
0 
0.0009(7) 
0 
 
0.0115(8) 
0.0077(8) 
-0.0019(8) 
-0.0019(6) 
-0.0045(6) 
0.0011(6) 
Crystal Research header will be provided by the publisher 5 
 
 Copyright line will be provided by the publisher 
Figure 2 Drawing of the crystal structure of SrRuO3 as obtained 
by the single-crystal X-ray diffraction experiment at room 
temperature, see table 1 
the rotation angle φ, the atom O2 is projected onto 
the ac-plane and a Ru – Ru − O2´ angle is measured 
yielding φ=6.10(3) °. The tilting angle can be meas-
ured via the displacement of the apical oxygen O1, 
Θap=8.79(5) ° and via the tilt of the basal plane, 
Θbas=8.72(5) °. The space group Pnma also allows for 
a deformation of the RuO6 octahedron which can be 
associated with orbital polarization of ferro- or anti-
ferro-orbital type [22]. In SrRuO3 there is no signifi-
cant splitting of the two Ru - O2 distances of 1.9858 Å 
and 1.9859 Å, also the Ru-O1 distance is almost iden-
tic, but the basal plane of the octahedron is distorted, 
the distance of the octahedron edge length along a 
O2 - O2a=2.782 Å is significantly smaller than that 
along c O2 - O2c=2.835 Å. A qualitatively similar but 
much larger splitting is observed in insulating 
Ca2RuO4 [23]. This deformation is related with the 
fact that the lattice is shorter along the tilt axis, which 
contrasts with a rigid picture, but which is observed 
in many transition-metal oxides [22]. 
4. Characterization of physical properties 
Resistivity measurements on our crystals are pre-
sented in Figure 4. In a) the temperature dependent 
resistivity divided by the low-temperature residual 
resistivity measured with a standard four-point 
method between 5 K and room temperature is shown. 
Figure 3 (a) Temperature dependent resistivity divided by the 
residual resistivity. The black and blue lines correspond to the 
measurements on a crystal with optimized and non-optimized 
growth conditions, respectively. (b) Resistivity plotted against 
the squared temperature for the crystal with optimized 
growth parameters. The black line is a linear fit of the data be-
tween 5 K and 10 K 
The results are in good agreement with the data pre-
sented in reference [21]; in particular we find the 
clear kink in the resistivity at the ferromagnetic 
phase transition. The residual resistivity ratio ob-
tained for the crystal grown under optimized condi-
tions amounts to 75, and is thus larger than that in 
the cleanest SrRuO3 films [24]. Furthermore, the re-
sidual resistivity of ρ0=3 µΩcm is less than half of the 
value observed in flux grown single crystals [12]. In 
contrast a crystal grown with non-optimum condi-
tions (feed rod diameter 1 cm, RuO2 excess 60 %) ex-
hibits a much lower residual resistivity ratio, alt-
hough a high ferromagnetic Tc is clearly visible. In b) 
the specific resistivity is plotted against the squared 
temperature, and the data between 5 K and 10 K are 
fitted with a linear function indicating Fermi liquid 
behavior. From this fit the residual resistivity and the 
A coefficient were determined: ρ=ρ0+A·T2 with 
A=0.0144(4) µ Ω cm/K2 and ρ0=2.84(2) µ Ω cm. Note 
that the errors do not include uncertainties in the ge-
ometry. Magnetization measurements (Figure 5) 
were performed with a commercial SQUID Magne-
tometer (Quantum Design) and show the same char-
acteristics of the ferromagnetic order as the data 
from reference [7]. The magnetization loop in a) is 
measured at 5 K with the field applied along a pseu-
docubic [110] direction (note that our crystals are 
twinned). The magnetic moment does not saturate in 
the applied field of 6 T and reaches values of 1.6 µB. 
The coercive field amounts only to 14(2) Oe. The fer-
romagnetic phase transition occurs at 165 K as it    
* M. Braden: e-mail: braden@ph2.uni-koeln.de, phone: +49 221 470 
3655 
1 II. Physikalisches Institut, Universität zu Köln, Zülpicher Straße 77, D-
50937 Köln, Germany 
2 Faculty of Mathematics and Natural Science, Institut Teknologi Ban-
dung, Jalan Ganesha 10, 40132 Bandung, Indonesia 
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Figure 4  Magnetic characterization. The magnetic field is ap-
plied along a pseudo cubic [110] direction. (a) Magnetization 
curve measured at 5 K. The inset shows the coercive field of 
only 14 Oe. (b) Temperature dependent magnetization meas-
ured upon cooling in 50 Oe. The magnetic phase transition oc-
curs at 165 K. 
can be seen in panel b), which shows the temperature 
dependent magnetization measured in a magnetic 
field of 50 Oe applied along a pseudocubic [110] di-
rection measured on cooling. Kikugawa et al. report a 
lower magnetic quality, a maximum magnetic mo-
ment of about 1.4 µB in a magnetic field of 7 T and a 
coercive field of 40 Oe [15] most likely because of 
mixing of various directions. 
5. Anisotropic magnetic properties 
In order to detwin the crystals uniaxial pressure of 
1.5 kg/mm2 were applied on a rectangular crystal on 
a cubic (110) face heated to 730 °C and furnace 
cooled to room temperature. With the single-crystal 
x-ray diffractometer several unique reflexions 
(e.g. (850)) for the twins were measured in reflection 
geometry confirming the successful and complete 
detwinning of the crystal. 
 
Magnetic hysteresis loops recorded at 5K are shown 
in Fig. 5 for magnetic fields applied along the three 
orthorhombic axes, which are accessible with the un-
twinned crystal. There is little anisotropy between 
the orthorhombic a and c axes although these lattice 
constants and the O2-O2 octahedron edges differ 
considerably. In contrast, the magnetization along the 
b direction is strongly reduced. The fact that anisot-
ropy persists to large fields is remarkable and points 
to strong spin-orbit coupling in SrRuO3. Along the 
b direction magnetization rapidly increases to 
~0.5 µB but then grows with a small field slope. This 
behavior indicates that the directions parallel to the 
O-O edges of the RuO6 octahedron are softer than 
those along the bonds. A first principles study should 
be able to shed further light on this issue. The         
Figure 5  Magnetic anisotropy. (a) Magnetization curves 
measured at 5 K. The magnetic field is applied along the three 
principal symmetry directions. (b) A zoom into panel (a). 
 
magnetic anisotropy reported by Kikugawa et al. [15] 
is much smaller than what we observe, most likely 
due to twinning, and an early study [25] finds qualita-
tively a similar anisotropy but with ~30\% smaller 
saturation magnetization most likely due to lower 
quality of flux-grown samples.  
 6. Conclusion 
We present the crystal growth of large SrRuO3 single 
crystals with the optical floating zone technique. 
Crystals with a mass of up to 3 g (several hundred 
mm
3 volume) could be obtained. The residual resistiv-
ity ratio and the small coercive field as well as chemi-
cal analyzes denote the high purity of the crystals. 
The single-crystal XRD analysis confirms the ideal 
stoichiometry of these crystals and reveals that even 
sub-mm sized crystals exhibit complex twinning with 
six possible domain orientations. The magnetic ani-
sotropy of untwinned crystals is shown. 
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